Abstract We previously performed a genome-wide linkage study of intracranial aneurysm (IA) and found positive evidence of linkage at chromosomes 5q22-31, 7q11, and 14q22. In the present study, we focus on 5q31, where three candidate genes, fibroblast growth factor 1 (FGF1), fibrillin 2 (FBN2), and lysyl oxidase gene (LOX) lie, and evaluate associations with IA. Genomic DNAs were obtained from 172 IA patients and 192 controls. Association analysis was performed with ten, five, and four single-nucleotide polymorphisms (SNPs) identified in FGF1, FBN2, and LOX, respectively. A difference in allelic frequency was observed for only the SNP at intron 4 in FGF1 (v 2 =4.44, df=1, P=0.035). Although a haplotype association was observed with the combination of ten SNPs in FGF1 (v 2 =16.04, df=1, P=0.00006), significant haplotype associations were not observed when haplotypes were constructed with the three, two, and four SNPs in FGF1 according to the linkage disequilibrium structure. No associations of FBN2 and LOX with IA were detected in the present study.
Introduction
The genetic factors of complex diseases are increasingly being recognized as pivotal in their etiology. Subarachnoid hemorrhage (SAH) resulting from the rupture of an intracranial aneurysm (IA) has high morbidity and mortality and constitutes a major public health problem. Despite improvements in medical and neurosurgical treatment over the past several decades, the prognosis for aneurysmal SAH has changed little from 40 years ago (Ingall et al. 1989; Fogelholm et al. 1993; Inagawa et al. 1995) . The risk of ruptured IA in first-degree relatives of patients with aneurysmal SAH is four times higher and the relative risk in siblings is six times higher than that in the general population, so that genetic causes of IA have been considered (Schievink et al. 1995; Ronkainen et al. 1997) . We have previously reported a genome-wide linkage study of IA with 104 Japanese affected sib pairs in which positive evidence of linkage on chromosomes 5q22-31, 7q11, and 14q22 has been observed (Onda et al. 2001) . The best evidence of linkage was found on chromosome 7q11, and possible involvement of the elastin gene in the pathogenesis of IA was suggested. However, because of the nature of IA, other genetic loci might well be involved in the pathogenesis. We have focused on chromosome 5q31, where evidence of linkage (maximum lod score =2.24) has been detected, and where three candidate genes, fibroblast growth factor 1 (FGF1), fibrillin 2 (FBN2), and lysyl oxidase (LOX), lie within 1-lod support interval (suggestive linkage region).
Fibroblast growth factor-1, encoded by FGF1, is a potent angiogenetic factor that induces capillary formation and vascular smooth muscle cell proliferation and migration in cell cultures, together with fibroblast growth factor-2 (Baird et al. 1986; Gospodarowicz et al. 1986; Klagsbrun and D'Amore 1991) . Recombinant fibroblast growth factor-1 promotes intimal hyperplasia and angiogenesis in porcine arteries in vivo (Nabel et al. 1993) . FBN2 is responsible for congenital contractural arachnodactyly, which shares some of the physical features of Marfan syndrome caused by FBN1 mutation (Tsipouras et al. 1992) . Fibrillin 1 and 2 are large cystein-rich glycoproteins that form microfibrils and that play a central role in elastic fibrogenesis (Kielty and Shuttleworth 1995; Robinson and Godfrey 2000) . Lysyl oxidase, encoded by LOX, is an extracellular copper enzyme that initiates cross-linking processes by catalyzing oxidative deamination of epsilon-amino groups in certain lysine or hydroxylysine residues of collagens and lysine residues of elastin (Kagan et al. 1986; Kagan and Trackman 1991) . Therefore, oxidation of lysyl residues should enhance the strength of blood vessel walls. These three positional and functional candidate genes for IA on chromosome 5q31 were analyzed for allelic and haplotype associations, and their possible involvements in the etiology of IA are evaluated.
Subjects and methods

Subjects
The Ethical Committee of Tokyo Women's Medical University approved the study, and all the participants gave written informed consent. The DNA samples for association study were from 172 IA patients and 192 controls. The IA patients included 78 IA probands in nuclear families, nine patients with first-degree relatives with IA, and 85 patients with no known family history of IA (IA group: 70 men and 102 women; mean age ± SD, 59.8±10.5 years). The presence of IA was confirmed by surgical findings, conventional angiography, three-dimensional computerized tomographic angiography, or magnetic resonance angiography. The 192 unrelated controls were outpatients in the Department of Neurosurgery, Neurological Institute, Tokyo Women's Medical University, with diseases other than IA, such as headache (control group: 91 men and 101 women: mean age ± SD, 59.0±16.5 years). All subjects were of Japanese ethnicity.
Genotyping and single-nucleotide polymorphisms of FGF1, FBN2, and LOX Genomic DNA was extracted from peripheral blood according to a standard method. IA patients (n=24) were screened to identify single-nucleotide polymorphisms (SNPs) in FGF1, FBN2, and LOX. Direct sequencing was performed on polymerase chain reaction (PCR)-amplified segments spanning exons, acceptor, donor, and branch-point sequences of introns, the putative promoter sequence (approximately 1 kb), and the 3¢UTR sequence. Additionally, SNPs in the NCBI database (http:// www.ncbi.nlm.nih.gov/SNP/) were obtained (rs32209, rs154001, rs190450, rs764368, and rs989548 were used). All primer sets were designed on genomic sequences obtained through the GenBank database (accession numbers: GI:15295971, FGF1; GI:15295011, FBN2; GI:14722561, LOX), and each segment of FGF1, FBN2, and LOX was amplified with a Gene Amp PCR systems 9700 (Applied Biosystems, Tokyo, Japan) by using 10 ng genomic DNA derived from each of the samples. Initial denaturation was at 95°C for 1 min, followed by 35 amplification cycles of denaturation at 94°C for 30 s, annealing at 58-64°C for 30 s, and extension at 72°C for 0.5-1 min. Annealing temperatures and extension durations were adjusted according to the melting temperature of each pair of primers.
Statistical analysis
Allelic association with IA was evaluated by the chi-square test for each SNP between cases and controls. The haplotype frequencies with phase-unknown samples and linkage disequilibrium (LD) between all pairs of SNPs in FGF1, FBN2, and LOX were calculated by using the SNPAlyse program (DYNACOM, Yokohama, Japan, http://www.dynacom.co.jp/). LD was estimated as D= x ij )p i p j , where x ij is the frequency of haplotype A 1 B 1 , and p 1 and p 2 are the frequencies of alleles A and B, respectively. A standard LD coefficient, r, is given by D/(p 1 p 2 q 1 q 2 ) 1/2 , where q 1 and q 2 are the frequencies of the other alleles at loci A and B, respectively (Hill and Robertson 1968 ). Lewontin's coefficient, D¢, is given by D¢=D/ D max , where D max =min(p 1 p 2 , q 1 q 2 ), when D<0, or D max = min(q 1 p 2 , p 1 q 2 ), when D>0 (Lewontin 1964) . The haplotype frequencies of three genes were compared between IA patients and controls and evaluated by contingency tables of the chi-square test.
Results
The subjects in the current association study are presented in Table 1 . Familial IA was defined as occurring in patients who have first-degree relatives diagnosed as having IA. There was no significant differences in age between IA patients and controls; however, female dominance in familial IA patients was observed.
The candidate genes on chromosome 5q31 where evidence of linkage (maximum lod score = 2.24) has previously been reported (Onda et al. 2001 ) are FGF1, FBN2, and LOX, lying 4.9, 9.7, and 15.9 Mb apart from a peak linkage marker, D5S1983, respectively. The relative positions of these genes and the markers in the linkage region are depicted in Fig. 1 . Systematic direct sequencing was performed on the genes, and ten, five, and four distinct SNPs were identified. The exon-intron organizations of the genes and the SNP positions are depicted in Fig. 1 . No SNP in FGF1 showed an amino acid substitution, whereas one SNP in FBN2 and two in LOX showed substitutions ( Table 2 ). The allelic frequencies of all of the SNPs identified were compared between the IA patients and controls and evaluated by the chi-square test (Table 2) . Among the SNPs analyzed, only one SNP in FGF1 reached weak statistical significance (v 2 =4.44, df=1, P=0.035 for FG8 at intron 4). Haplotypes were constructed on the basis of the genotype data from SNPs within the three genes, and the haplotype associations were examined. In FGF1, a haplotype constructed with all ten SNPs was observed more frequently in IA patients than in controls, with significant difference (v 2 =16.04, df=1, P=0.00006; Table 3 ). No significant association between haplotypes and IA was found in the combinations of the five SNPs in FBN2 and the four SNPs in LOX (Tables 4, 5 ). Patterns of linkage disequilibrium in the three genes were illustrated by their |D'| and r 2 values (Fig. 2) . In FGF1, two LD blocks, defined by having |D'|>0.5, were observed. All SNPs of FBN2 and LOX were in tight LD showing one LD block. SNPs in LD were selected according to the LD structure of FGF1, and then the haplotype was constructed as shown in Table 3 . When haplotypes were constructed with the three, two, and four SNPs in FGF1 according to the LD structure, no significant haplotype associations were observed (Table 3) .
Discussion
The pathogenesis of IA is multifactorial, involving both genes and the environment. Many reports show the significance of the genetic component in the etiology of IA. Although the molecular determinants of IA are not clear, a six-base insertion allele in the endoglin gene and an insertion allele in the angiotensin-converting enzyme have been associated with increased risk of IA (Takenaka et al. 1999; Keramatipour et al. 2000) . However, the association with the endoglin gene is not found in Caucasians (Krex et al. 2001 ), and we have not been able to replicate the association evidence in Japanese (Onda et al. 2003) . Recently, we have reported a genome-wide . Pairwise LD among the 45, 10, and 6 marker pairs studied in FGF1, FBN2, and LOX were computed, respectively, and pairs in LD (|D¢|>0.5 or r 2 >0.5) are shown as gray-shaded values linkage study of IA in 104 affected sib-pairs and revealed responsible genetic loci on chromosomes 5q, 7q, and 14q (Onda et al. 2001) . Although evidence of linkage for IA was found, performance of the positional cloning necessary to identify a causal gene was considered daunting, because the linkage regions in these loci spanned 10-20 Mb. Accordingly, we used a candidate gene approach to investigate the involvement of the elastin gene (ELN) at a locus on chromosome 7. ELN lies close to the marker D7S2472, which showed the best evidence of linkage, and elastin constitutes the major component in vascular walls. A strong association between the intron 20/23 haplotype and IA was observed (Onda et al. 2001) , but the functional implication of this haplotype association remains uncertain.
Evidence of linkage was also observed with D5S1983 on chromosome 5q31, where three candidate genes were identified: FGF1, FBN2, and LOX. The present study was designed to investigate whether the SNPs or haplotypes constructed with the SNPs in the three genes were associated with IA. Ten SNPs in FGF1, five in FBN2, and four in LOX were identified. Statistically significant association was observed only with the intron 4 SNP in FGF1 (P=0.035 in Table 2 ). Haplotype analysis can reveal the predisposition of a specific allele to a disease and is especially useful when the causal variant has not been identified. Haplotype 1 of FGF1 shown in Table 3 was observed more frequently in IA patients than in controls indicating that the haplotype 1 constitutes an at-risk haplotype for IA among Japanese (P=0.00006). However, when haplotypes were constructed with SNPs in LD within FGF1, no strong associations with the haplotypes were observed (Table 3) . A possible explanation for this discrepancy is that, because of multiple haplotypes obtained with ten SNPs, a false-positive association is observed. However, when the P-value was multiplied by the number of haplotypes (50 haplotypes represent >0.3% of frequency) for correction, a positive association (P=0.0031) could still be observed.
Fibroblast growth factor 1 is one of the fibroblast growth factor family members consisting of at least 23 structurally related polypeptides that play key roles in morphogenesis, development, angiogenesis, and wound healing (Burgess and Maciag 1989; Basilico and Moscatelli 1992; Naski and Ornitz 1998; ADHR Consortium 2000) . Because fibroblast growth factor 1 promotes intimal hyperplasia and influences angiogenesis, it might well be involved in aneurysm formation (Burgess and Maciag 1989; Nabel et al. 1993; Skirgaudas et al. 1996) . Although diseases associated with variations in FGF1 have not been identified, missense mutations of FGF23 have been found in autosomal dominant hypophosphatemic rickets and represent the first example of a disease caused by the human FGF gene family (ADHR Consortium 2000). FGF1 contains alternative 5'-untranslated exons, so the presence of at least four upstream untranslated exons spliced to the first coding exon should generate four distinct mRNAs (Myers et al. 1993) . Although the functional role of haplotype 1 in the pathophysiology of IA is unclear, altered splicing is a possibility, since SNP FG8 occurs in intron 4, and FGF1 exhibits alternative splicing. To clarify the role of FGF1 in the etiology of IA, long-term functional analysis with all levels of biological technology is required.
The present results of the haplotype association indicate that the causal variant for IA may lie either within FGF1 or in a nearby gene; however, common variants associated with IA could not be determined. Although LOX and FBN2 are also positional and functional candidate genes for IA, significant association of these genes with the development of IA could not be discerned.
